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Raffinose pathwaySalt stress is an important factor limiting plant productivity by affecting plant physiology and metabo-
lism. To explore salt tolerance adaptive mechanisms in the model legume Medicago truncatula, we used
three genotypes with differential salt-sensitivity: TN6.18 (highly sensitive), Jemalong A17 (moderately
sensitive), and TN1.11 (tolerant). Cellular damage was monitored in roots and leaves 48 h after
200 mM NaCl treatment by measuring lipid peroxidation, nitric oxide, and hydrogen peroxide contents,
further supported by leaf stomatal conductance and chlorophyll readings. The salt-tolerant genotype
TN1.11 displayed the lowest level of oxidative damage, in contrast to the salt sensitive TN6.18, which
showed the highest responses. Metabolite profiling was employed to explore the differential genotype-
related responses to stress at the molecular level. The metabolic data in the salt tolerant TN1.11 roots
revealed an accumulation of metabolites related to the raffinose pathway. To further investigate the sen-
sitivity to salinity, global transcriptomic profiling using microarray analysis was carried out on the salt-
stressed sensitive genotypes. In TN6.18, the transcriptomic analysis identified a lower expression of many
genes related to stress signalling, not previously linked to salinity, and corresponding to the TIR-NBS-LRR
gene class. Overall, this global approach contributes to gaining significant new insights into the complex-
ity of stress adaptive mechanisms and to the identification of potential targets for crop improvement.
 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).1. Introduction
Salinity stress is one of the most important limiting factors for
plant growth and agricultural productivity worldwide [1]. The
deleterious effects of salinity on plant growth are associated with
various factors, including ion toxicity, changes in water relations,
impairment of mineral nutrition, and inactivation of photosyn-
thetic machinery [2,3]. Nevertheless, although a huge volume of
research is dedicated to the study of salinity effects in plants, a
large number of questions regarding how plants sense and respond
to salinity remain unanswered [4].
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balance causing over-reduction of the photosynthetic electron
transport chain and thus amplifying the production of reactive
oxygen species (ROS) [5,6]. The highly reactive ROS, when overpro-
duced, can, in turn, damage lipids, proteins, and nucleic acids.
Moreover, the free radical-induced peroxidation of polyunsatu-
rated fatty acids in the plasma membrane reflects the stress-
induced damage at the cellular level, as an indicator of oxidative
stress [7]. In addition to ROS, reactive nitrogen species (RNS; for
example, the NO molecule) have been implicated in salt stress
responses [8,9]. Although the enzymatic source of NO production
in plants is still controversial [10–12], nitrate reductase (NR) is
established as a critical enzyme responsible for nitrate assimilation
and NO generation in plants [13].
Plants respond to salinity by switching on a coordinated set of
physiological and molecular responses resulting in acclimation
[14,15]. Salt stress is perceived as ionic (Na+) stress signal, and
the SOS-mediated pathway limits Na+ levels in the cytosol under
salt stress and helps to maintain a high cytosolic K+/Na+ ratio
[16], necessary for salt tolerance. Moreover, to overcome salt-
mediated oxidative stress, ROS detoxification is achieved by regu-
lating the antioxidant defence apparatus (superoxide dismutase
[SOD], ascorbate peroxidase [APX], glutathione cycle enzymes,
etc.; [17]) and producing low molecular mass antioxidants (flavo-
noids, anthocyanins, a-tocopherol, ascorbate, glutathione, and
polyphenolic compounds; [18]).
In response to osmotic imbalance by salt stress, plant cells
accumulate compatible osmolytes such as sugars [19], amino
acids, amides, organic acids and polyols to combat water loss
[20]. Due to the importance of salinity stress in agriculture, there
are many metabolomic studies to assess the metabolic effect of
salinity in a variety of related plant species and legumes [21–
23]. Rearrangement of the metabolic network would also be antic-
ipated to result in changes of metabolites which are related to the
regulated pathways. Hence, metabolites responding to various
stresses may be fundamental constituents of the stress responses
[24]. In a more global analysis using metabolomics approaches,
the difference between salt-sensitive and salt-tolerant species
has revealed an interesting diversity pattern (for a review, see
Sanchez et al. [25]).
Another aspect of the response to stress occurs at the transcrip-
tional level as implicated by alteration in gene expression [26]. Due
to the large number of genes involved in response to various abi-
otic stresses, microarray-based analyses are commonly used to
monitor global gene expression changes in a range of species
including Arabidopsis [27], rice [28], maize [29], tomato [30],
tobacco [31] and grapevine [32].
Medicago truncatula is considered an important model legume
species, due to its small genome size, short life cycle, and autoga-
mous reproduction [33,34]. Moreover, because of these favourable
characteristics, it has been internationally adopted as a model
legume for genome sequencing and functional genomic-research
programs [35]. Previous studies revealed that acclimation could
enhance NaCl tolerance in calli ofM. truncatula [36], conferring tol-
erance to the M. truncatula-Sinorhizobium symbiosis under salinity
conditions [37]. Thus, it is of fundamental interest to further
understand the salt stress responses and acclimation mechanisms
in M. truncatula plants, as this will assist in the identification of
potential targets for crop improvement.
The response to salinity may widely vary not only among spe-
cies but even cultivars or lines of the same species. Knowledge of
the reasons underlying the differential responses between differ-
ent genotypes can be critical to enhance salinity tolerance. For this
reason, the physiological and molecular responses to salt stress
were assessed in three M. truncatula lines showing contrasting tol-
erance to salt stress, namely TN6.18 (highly sensitive), Jemalong2134A17 (moderately sensitive; reference line), and TN1.11 (tolerant,
previously described [38,39]).
In the present study, a concerted effort to understand soil salin-
ization problems is demonstrated. We discuss differences in the
adaptation mechanisms of three M. truncatula genotypes in
response to salt stress at a local (roots) and systemic (leaves) level.
Comparison of the antioxidant defence systems, lipid peroxidation,
reactive oxygen and nitrogen species (RONS) content, and global
regulatory analysis of transcriptomic and metabolomic profiles
will help develop a better understanding of salt stress tolerance
mechanisms.
2. Materials and methods
2.1. Plant material and salinity stress conditions
Mature (40 days-old)Medicago truncatula genotype TN1.11 (tol-
erant), Jemalong A17 (moderate), and TN6.18 (highly sensitive)
plants were used in this study. Seeds were sown in sterile potting
soil:perlite (3:1) pots and placed at 4 C for four days for stratifica-
tion. Plants were grown in a growth chamber at 22/16 C day/night
temperatures, at 60–70% RH, with a photosynthetic photon flux
density of 100 lmol m2 s1 and long day (16/8 h) photoperiod.
Plants were watered three times per week until maturity. Water
was added by weighting the pots to reach 80 % of soil moisture,
to ensure a uniform water status throughout plant development.
Salinity was imposed by watering plants once with 80 mL of
200 mM NaCl solution (till leaching), and results were analyzed
at 0 h, 24 h and 48 h after the treatment started [38]. Experiments
were performed in triplicates using pooled samples. Each sample
consisted of separated whole root (without nodules) and leaf tis-
sues from a minimum of three independent plants.
2.2. Physiological measurements
Stomatal conductance was measured using a DΤ-Porometer
AP4 (Delta-T Devices-Cambridge) according to the manufacturer’s
instructions. Chlorophyll fluorescence parameters of leaves repre-
senting the maximum photochemical efficiency of photosystem II
(PSII) (Fv/Fm) were measured with an OptiSci OS-30p Chlorophyll
Fluorometer (Opti-Sciences, U.S.A.). Leaves were incubated in the
dark for 30 min before measurements.
2.3. Lipid peroxidation assay
Lipid peroxidation was determined from the measurement of
malondialdehyde (MDA) content resulting from the thiobarbituric
acid reaction [40] using an extinction coefficient of 155 mM1
cm1.
2.4. Quantification of H2O2 and NO
Hydrogen peroxide was quantified using the KI method, as
described by Velikova et al. [41]. NO content was measured indi-
rectly (nitrite-derived NO) using the Griess reagent in homoge-
nates prepared in an ice-cold Na-acetate buffer (pH 3.6) as
described by Zhou et al. [42].
2.5. Proline content
The levels of free proline were measured using the ninhydrin
reaction following the method proposed by Bates et al. [43]. Briefly,
frozen plant material was homogenized in 3 % aqueous sulphosal-
icylic acid (0.01 g/ 0.5 mL) and the residue was removed by cen-
trifugation at 12 000 g for 10 min. Supernatant was reacted with
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terminated in an ice bath. The reaction mixture was extracted with
toluene, mixed vigorously and leave at room temperature for
30 min until separation of the two phases. Then, chromophore-
containing toluene was measured at 520 nm (TECAN, Infinite
200 PRO) and proline concentration was estimated based on a
standard curve of known concentrations of proline and expressed
as lmol proline g-1 FW. In addition, proline levels were also
obtained with GC-TOF-MS [44].
2.6. Enzyme activity assays
2.6.1. Nitrate reductase (NR)
The assay was performed as described by Liu et al. [45], with
some modifications. The buffer used for preparation of crude
extracts contained 100 mM potassium phosphate (pH 7.5), 5 mM
(CH3COO)2Mg, 10 % (v/v) glycerol, 10 % (w/v) polyvinylpyrrolidone,
0.1 % (v/v) Triton X-100, 1 mM EDTA, 1 mM DTT, 1 mM PMSF,
1 mM benzamidine (prepared fresh) and 1 mM 6-aminocaproic
acid. Leaf tissue was extracted in the buffer using a mortar and pes-
tle, and the mixture was thoroughly homogenized. The leaf extract
was centrifuged at 14,000 g for 15 min, and the clear supernatant
was used immediately for measurement [46]. Total protein content
was determined according to Bradford’s method [47]. NR activity
was expressed as specific enzymatic activity (units/mg protein).
2.6.2. Pyrroline-5-carboxylate synthase (p5CS)
Extraction and p5CS activity measurements were performed
according to Filippou et al. [48]. Leaves were homogenized in an
extraction buffer (100 mM Tris-Cl, pH 7.5, 10 mM b-
mercaptoethanol, 10 mM MgCl2, 1 mM PMSF) in pre-chilled
Eppendorf tubes on ice. Extracts were centrifuged at 4 C for
20 min at 10,000  g. Supernatants were further clarified by cen-
trifugation at 10,000  g for 20 min at 4 C. p5CS enzymatic assay
was carried out in 100 mM Tris-Cl (pH 7.2), 25 mM MgCl2, 75 mM
Na-glutamate, 5 mM ATP, 0.4 mM NADPH, and the appropriate
crude protein extract. The reaction velocity was measured as the
rate of consumption of NADPH, monitored as the decrease in
absorption at 340 nm as a function of time. Total protein content
was determined according to Bradford’s method [47]. p5CS specific
enzymatic activity was expressed as units/mg protein.
2.7. RT-qPCR analysis
Total RNA was extracted from leaves using TRIzol (TRI reagent),
followed by DNase digestion (RNase-free DNase Set; Qiagen). One
microgram of total RNA was transcribed into cDNA using Prime-
script 1st Strand Synthesis Kit according to the manufacturer’s pro-
tocol (Takara, Japan). Real-time qPCR was performed using Biorad
IQ5 (Biorad, USA). Relative quantification of gene expression and
statistical analysis of the RT-qPCR data (pairwise fixed reallocation
randomization test) were performed using the REST software,
according to Pfaffl et al. [49]. Actin11 was selected as a housekeep-
ing reference gene due to its common use in Medicago and its pro-
ven stability in salt conditions in a variety of plant species [50–52].
Primer sequences used are listed in Table S1.
2.8. RNA labeling and Affymetrix expression array processing
Three independent samples per line and condition were used
for the microarray analysis. RNA integrity screening, probe synthe-
sis, hybridization, and scanning were conducted by the BSRC
Alexander Fleming’s Expression Profiling Unit. Three hundred
nanogram of total RNA was used to generate biotinylated comple-2135mentary RNA (cRNA) for each treatment group using the Gene-
Chip 30 IVT Express Protocol (Affymetrix, Santa Clara, CA) from
the GeneChip 30 IVT Express Kit User Manual (Rev.8). In short, iso-
lated total RNA was checked for integrity using the RNA 6000 Nano
LabChip kit on the Agilent Bioanalyzer 2100 (Agilent Technologies,
Inc., Palo Alto, CA) and concentration using the ND-1000Nanodrop
(Thermo Fisher Scientific, Wilmington, Delaware USA). Poly-A RNA
controls were added in each total RNA sample and were reverse
transcribed using the included buffer and enzyme mixes. Double-
stranded cDNA was synthesized, labeled by in vitro transcription
and purified with the appropriate protocol using beads (Affyme-
trix, Santa Clara, CA). Prior to hybridization, the cRNA was frag-
mented, and 12.5 mg from each experimental sample was
hybridized for 16 h to Medicago Genome arrays in an Affymetrix
GeneChip Hybridization Oven 640. Affymetrix GeneChip Fluidics
Station 450 was used to wash and stain the arrays with
streptavidin–phycoerythrin (Molecular Probes, Eugene, OR),
biotinylated anti-streptavidin (Vector Laboratories, Burlingame,
CA) according to the standard antibody amplification protocol.
Arrays were scanned with an Affymetrix GeneChip Scanner
3000 at 570 nm. All cDNA was synthesized at the same time.
Images and data were acquired using the Affymetrix GeneChip
Command Console Software (AGCC), where an initial quality
check of the experiment was performed. The quality of the
hybridizations was checked, and one of the salt-treated samples
was removed from subsequent analyses. The raw data was pro-
cessed using the RMA algorithm ([53]; affypackage of Bioconduc-
tor). The absolute expression values were median centred across
each gene, and log2 transformed. A t-test for comparison between
salt-stressed genotypes was performed using the limma R package
[54]. The P values of the t-test statistics were corrected for multiple
testing to assess the false-discovery rate with the publicly available
software QVALUE (http://genomine.org/qvalue; [55]). Probes with
Q value < 0.05 and an absolute fold-change greater or equal to
1.5 in any of the comparisons, were kept for cluster analysis. The
expression values of 26,910 filtered probes were centred and
scaled across samples and subjected to complete-linkage hierar-
chical clustering using the ComplexHeatmap R package [56]. Eight
clusters were obtained by splitting the heatmap using k-means
clustering (row_km = 8). Gene ontology enrichment was per-
formed for probes occurring on each cluster using the R package
topGO [57] and the latest Medicago array annotation provided by
Affymetrix (NetAffx).2.9. Metabolite profiling
GC-TOF-MS based metabolite profiling on six independent sam-
ples per line and condition was performed as described by Lisec
et al. [44]. Polar metabolites were extracted from 50 mg of frozen
leaf material, and 150 ml of each extract was used for the analysis.
TagFinder [58] was used for peak annotation and quantification
with the Golm Metabolome Database (http://gmd.mpimp-golm.
mpg.de; [59]) as a reference library. The parameters used for the
peak annotation are listed in Table S2, according to Fernie et al.
[60]. The intensity of each fragment was normalized by that of
the ribitol, which was added into the extraction solution as an
internal standard. Principal component analysis (PCA), hierarchical
cluster analysis (HCA), and heatmap representation were per-
formed using the software ClustVis [61]. For the heatmap, columns
and rows were clustered using Pearson’s correlation and average
linkage. For the RFO pathway analysis, the metabolite levels were
normalized respect to A17 t = 0 h. The statistical differences were
evaluated by a paired t-test analysis (P < 0.05) in SPSS statistical
software.
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Statistical analyses of the biochemical and physiological data
were performed using ANOVA and Tukey’s pairwise comparison
test at the 5 % confidence level. SPSS was used as statistical
software.3. Results
3.1. Salt application highlights early differential stress phenotypes in
Medicago genotypes
Previous observations have shown significant differences in
salt-stress responses within the first 48 h of NaCl stress between
tolerant and sensitive Medicago genotypes [62]. Thus, we sub-
jected 40 days-old Medicago plants to salt stress by watering the
pots with 200 mM NaCl. After 48 h, macroscopic observation
revealed an early phenotypic response consisting of chlorotic
leaves in TN6.18 plants (Fig. 1A), which turned into general necro-
sis after 30 days (Fig. 1B), demonstrating its highly sensitive behav-
ior to salinity and confirming previous observations [38]. Not
surprisingly, TN1.11 showed the most tolerant phenotype, whereas
A17 exhibited lower damage levels compared with TN6.18 yet still
displayed somewilted, chlorotic leaves, clearly visible after 30 days
(Fig. 1B). In addition to the macroscopic phenotype, we analyzed in
more detail the early-stress response by monitoring stress-related
physiological parameters. Thus, mean values of photochemical effi-
ciency of photosystem II (Fv/Fm) and stomatal conductance, both
well-known correlated parameters and stress indicators, were
determined in leaves of the three genotypes (Fig. 1C, D). Following
the application of salt stress for 48 h, leaves of the highly sensitive
TN6.18 genotype showed significantly reduced photochemical effi-
ciency (Fv/Fm, i.e., the ratio of variable and maximal chlorophyll flu-
orescence of PSII), whereas, these parameters remained constant in
the moderate (A17) or salt-tolerant (TN1.11) genotypes (Fig. 1C).
The decrease in Fv/Fm indicates a reduced PSII efficiency in response
to stress in the sensitive genotype. Additionally, stomatal conduc-
tance was found to decrease in salinity in all three genotypes. The
decrease, however, was more dramatic in TN6.18 plants (Fig. 1D),
in agreement with the photosynthetic efficiency data.3.2. Salt stress phenotypes correlate with cellular oxidative levels
Salinity stress is often correlated to accumulation of reactive
oxygen species (ROS). In low amounts, ROS plays an important role
as a secondary messenger in the stress signaling pathway, but
increasing levels can lead to deleterious effects such as oxidative
damage, especially detrimental to the plant when it occurs in the
photosynthetic tissue [6]. The analysis of H2O2 content, the pri-
mary ROS formed in salt stress, revealed a substantial accumula-
tion (5 fold) in leaves of the sensitive TN6.18 genotype after 48 h
treatment, while A17 and the tolerant TN1.11 didn’t show signifi-
cant changes respect to control conditions (Fig. 2A). During such
salinity conditions, the accumulation of ROS in TN6.18 plants
caused apparent cellular damage, as demonstrated by the levels
of the lipid peroxidation indicator MDA. Consistently, MDA content
was significantly lower in A17 and TN1.11 leaves (Fig. 2C). Similar
results, albeit lesser in magnitude, were observed in roots (Fig. 2B,
D), where higher MDA content was found in TN6.18, whereas the
TN1.11 plants showed lower levels (Fig. 2D) in accordance with
the lower H2O2 accumulation (Fig. 2B). In general, these results
confirm previous observations in the highly sensitive TN6.18 geno-
type [62].
To further characterize the effects of salinity stress in the differ-
ent genotypes, we analyzed the reactive nitrogen species (RNS)2136levels. Nitric oxide (NO), a signaling molecule and the primary
RNS free radical accumulated in salt stress, was quantified in leaves
and roots of Medicago plants. Similar to ROS observations, maxi-
mum nitrite-derived NO content was recorded in leaves and roots
of TN6.18 plants 48 h after the application of salt stress (3-fold
increase), while no significant changes were observed in the toler-
ant TN1.11 genotype. A17 plants showed an intermediate response
in both tissues (Fig. 3A, B). Unlike ROS, we observed a similar mag-
nitude of response in both leaf and root. To support the genotype-
dependent NO variations in M. truncatula plants, the specific activ-
ity of the NO biosynthetic enzyme nitrate reductase (NR) was mon-
itored during the stress treatment. NR activity measurements
correlated with the NO levels recorded in both tissues of the differ-
ent genotypes (Fig. 3C, D); higher NR activation was observed in
leaves and roots of TN6.18M. truncatula plants after 48 h compared
with the other genotypes, where A17 plants displayed an interme-
diate response.
3.3. Medicago salt-sensitive genotypes show increased p5CS activity
and proline levels
It is known that ROS can induce proline accumulation in plants
by increasing the activity of its biosynthetic route [63]. Proline, in
turn, acts as a radical scavenger protecting cells from oxidative
damage [64]. To further investigate proline metabolism and its role
as a cellular stress indicator, the activity of p5CS, a rate-limiting
proline biosynthetic enzyme, was determined in both root and leaf.
Under salt stress, p5CS activity increased to a greater extent in
TN6.18, followed by the A17 genotype, in agreement with the more
significant oxidative damage observed in these plants. In the toler-
ant TN1.11 line, the p5CS activity remained unaltered in both tis-
sues upon salt application (Fig. 4A, B). Consistently, free proline
levels followed a similar trend with the measured p5CS enzymatic
activity throughout the treatment (Fig. 4C, D). Overall, the results
obtained support the notion of an increased oxidative response
in the salt-sensitive genotypes A17 and TN6.18.
3.4. Global metabolic profiling in leaves and roots of Medicago
genotypes reveal differential stress-response patterns
To get further insight into additional mechanisms underlying
Medicago truncatula salt stress tolerance from a metabolic view,
we performed global metabolite profiling of the root and leaf in
the three different genotypes during salt stress. The GC–MS analy-
ses identified 34 metabolites, including sugars, sugar acids, sugar
alcohols, amino acids, and carboxylic acids. The data obtained
was used for PCA analysis. PC1, which explains 49 % of the total
variance, revealed the effect of salt stress in the different tissues,
separating root from leaf metabolic responses (Fig. 5A). PC2, with
13.8 % of the total variance, reflected the impact of salt stress in
the metabolomic profiles and the difference between genotypes.
In leaves, differences observed between genotypes at control con-
ditions substantially decreased after exposure to stress. Interest-
ingly, in roots, the salt tolerant TN1.11 showed a differentiated
stress response not correlated with A17 and TN6.18. PC1 loadings
with the highest values (and thus contributing to the differentiated
root response), corresponded to the sugar forms sucrose, trehalose,
and galactinol (Table S3). HCA using Pearson’s correlation and
average linkage of metabolites and samples, revealed the occur-
rence of four major metabolite clusters (Fig. 5B). Sample groupings
confirmed PCA data when evidenced apparent differences between
leaves and roots, and between the metabolite type in response to
salt stress. Amino acids and carboxylic acids were found to be more
responsive in leaves, whereas sugar forms changed to a greater
extent in roots. Heat map representation showed increased levels
of carboxylic acids belonging to the TCA cycle in control conditions
Fig. 1. Effect of salinity stress (200 mM ΝaCl) on 40 days-old Medicago truncatula genotypes TN6.18 (highly sensitive), Jemalong A17 (moderately sensitive) and TN1.11
(tolerant) after 200 mM NaCl treatment for 48 h (A) and 30 days (B). Chlorophyll fluorescence (C) and stomatal conductance (D) were measured in leaves at 0 h and 48 h upon
salt application. Values are means of three replicates with SE bars. Different letters denote significant differences at P < 0.05.
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between genotypes before applying the stress, however, disap-
peared when NaCl was added, in accordance with PCA data. In
stress conditions, the heat map data clearly indicated that some
metabolic responses were more intense in TN1.11 root than the
responses observed in A17 or TN6.18, also following previous
PCA observations (Fig. 5). This distinct TN1.11 response involved
the accumulation of several forms of soluble sugars such as galacti-
nol, myo-inositol, sucrose, methyl-ɑ-glucopyranoside, trehalose, or
raffinose, all of them related directly or indirectly to the raffinose
family of oligosaccharides (RFOs) metabolism. RFO biosynthetic
pathway, which is known to be related in acquiring salt stress tol-
erance [2,65,66], was indeed found to be significantly induced in
TN1.11 roots after 48 h salt exposure (Fig. 6). This observation is
consistent with its tolerant phenotype and suggests a greater
capacity in regulating osmotic stress. Remarkably, in A17 leaves,2137we found a significant accumulation of amino acids in response
to salt, including alanine, valine, glycine, proline, serine, threonine,
b-alanine, methionine, asparagine, and the amino acid derivative
urea (Fig. 5B, Fig. S1). Since free amino acids are known to have
an important osmotic regulatory role in stress [67], the increase
in amino acid synthesis observed in A17 but not in TN6.18 may
contribute to Medicago’s response to salinity, as evidenced by their
distinct early-stress phenotypes.
3.5. Global transcriptomic analysis indicates substantial differences in
signaling-related genes between low and highly salt-sensitive
genotypes
Having observed important metabolic responses linked to a cer-
tain degree of tolerance in the less sensitive genotypes A17 and
TN1.11, we next decided to carry out a transcript profiling
Fig. 2. Hydrogen peroxide (H2O2) content in leaves (A) and roots (B) in the different Medicago genotypes at 0 h, 24 h and 48 h 200 mM after NaCl treatment commenced. Lipid
peroxidation measured as malondialdehyde (MDA) in leaves (C) and roots (D). Values are means of three replicates with SE bars. Different letters denote significant
differences at P < 0.05.
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tive (A17) M. truncatula plants. The main focus of this assay was
to identify key transcripts involved in the ‘switch’ from salt sensi-
tivity to hyper-sensitivity in a spatiotemporal manner, examining
both leaves and roots. For that purpose, we used the Affymetrix
Medicago array on plants exposed for 48 h to 200 mM NaCl. Four
statistical comparisons were performed for the different combina-
tion of genotype and tissue. A total of 26,910 probes were found to
be differentially expressed in stress conditions (Q value < 0.05 and
absolute fold change > 1.5) in any of the comparisons. Particularly,
examining the comparison of gene expression differences between
A17 and TN6.18 genotypes, we found 3049 and 2911 probes highly
expressed in TN16.18 in leaf and root respectively, while 1146
probes were highly expressed in both tissues (Fig. 7). Conversely,
2096 and 2441 probes were highly expressed in A17, respectively
in leaf and root, while 1275 were highly expressed in both tissues.
Furthermore, we performed a cluster analysis of the 26,910 differ-
entially expressed probes and identified eight clusters showing
distinct patterns of gene expression (Fig. 8A). The two largest clus-
ters contained genes highly expressed in leaves (Cluster 7, 6627
probes) or roots (Cluster 2, 7175 number of probes) but no differ-
ence between A17 and TN6.18 was observed (Fig. 8B). The remain-
ing clusters contain those genes that showed a difference between
genotypes which were summarized in Fig. 8A, B. To elucidate
which biological processes were overrepresented in any of the
clusters, we performed GO enrichment analysis for the set of genes
contained in each cluster (Fig. 8C). The analysis in cluster 6, which
showed differences between genotypes at the leaf level, contained2138a large number of genes (>100) involved in protein phosphoryla-
tion processes. Indeed, a more closely look revealed 86 genes sig-
nificantly higher expressed in TN6.18 in salt stress compared with
A17 (Table S4), the top 10 of which showed > 4-fold increased
expression levels for receptor-like kinases and protein kinases
with direct or indirect phosphorylation roles in signalling cascades
(Fig. S2). Additionally, in roots, cluster 5 highlighted potential dif-
ferential responses associated to nodulation between genotypes as
shown by the > 100 differentially more expressed genes in A17
(Table S4). In a much lesser extent and magnitude, in cluster 1,
two genes related to inositol metabolism were found to be signif-
icantly down-regulated less expressed (>2-fold) in TN6.18 roots
(Fig. S2). Interestingly, cluster 4, the only cluster showing a sub-
stantial number of differentially regulated genes (DEG) in both
roots and leaves, was highly enriched in genes related to stimulus
perception (>70). Indeed, 32 genes were significantly highly
expressed in A17 with respect to TN6.18 in both tissues
(Table S4). A closer analysis revealed that 66 % of those DEG
belonged to the TIR-domain containing subfamily of the
nucleotide-binding site leucine-rich repeat (NBS-LRR) gene class
(Fig. 9), which is known to play an important role in stress sig-
nalling [68]. These findings were further supported with results
from cluster 8, which was highly enriched in signalling-related
genes (>100) and, similarly, showed a strongly increased expres-
sion (>4-fold) of TIR-NBS-LRR genes in A17 leaves (Fig. S2). Alto-
gether, this data indicates substantial differences between the
moderately-sensitive and highly-sensitive genotypes in
signalling-related processes in response to salt.
Fig. 3. Effect of salinity stress on NO production in A17, TN1.11, and TN6.18, was evaluated by measuring NO content (A, B) and NR activity (C, D) in leaves and roots at the
indicated times after salt application. Values are means of three replicates with SE bars. Different letters denote significant differences at P < 0.05.
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In this work, natural variations in salt tolerance between
TN6.18, A17, and TN1.11Medicago truncatula genotypes were anal-
ysed, based on their responses to salt treatment in soil. It is known
that salinity impairs plant growth and development via water
stress and ion toxicity due to the uptake of ions such as sodium
(Na+) and chloride (Cl-). In the first phase of the stress, which takes
place after minutes or days, it is appreciated an ion-independent
growth reduction due to the osmotic component of salinity. If
the stress is prolonged, cytotoxic ion levels build-up in tissues
affecting metabolic processes, causing premature senescence, and
eventually cell death [1]. In our conditions, 48 h salt treatment
triggered an apparent stress phenotype in the highly sensitive
TN6.18, consisting of chlorotic and wilting leaves and ultimately
leading to cell death (Fig. 1). While no apparent stress symptoms
were seen in the moderately-sensitive A17 and the tolerant
TN1.11, a detailed physiological analysis revealed a significant
reduction in stomatal conductance (Fig. 1). This effect, reflecting
the partial stomatal closure to preserve water and thus leading
to cell growth arrest [69], was more pronounced in TN6.18 plants
and indicated a stress response present in all three genotypes. The
reduction in PSII efficiency in the sensitive TN6.18 but not in the
other genotypes, is in agreement with its chlorotic phenotype
and reflects a potential photoinhibition in the photosynthetic tis-
sue likely due to a cytotoxic ion accumulation. Plant tolerance to
salinity involves a multitude of molecular and physiological mech-
anisms, i.e. osmotic tolerance, ion tolerance, and tissue tolerance,
with the prevention of Na+ translocation to photosynthetic tissues2139also being a key element for plant survival [1]. In that regard, in the
early stages of the salt treatment, we observed a significant
increase in the Na+/K+ ratio in roots of the highly sensitive
TN6.18 (Fig. S3), indicating a lowered capacity to prevent Na+
uptake and maintain ion homeostasis.
Abiotic stress in general and salinity in particular, cause oxida-
tive stress by increasing the cellular levels of ROS, being its accu-
mulation especially detrimental at the leaf level. Thus, the
capacity to maintain the cellular oxidative balance, the membrane
integrity, and the functionality of the photosynthetic apparatus is
crucial for salinity tolerance [70]. In our study, lipid peroxidation,
an indicator of membrane damage, was significantly increased in
TN6.18 leaves in agreement with the increased H2O2 levels in this
tissue (Fig. 2). The oxidative burst observed in the most sensitive
genotype in stress conditions was supported with gene expression
data from the microarray assay and validated by RT-qPCR. This
data shows key antioxidant and redox enzymes such as superoxide
dismutase, ascorbate peroxidase, glutathione-S-transferase, and
cationic peroxidase being significantly down-regulated less
expressed in TN6.18 compared with A17 (Fig. S4), demonstrating
the inability of the sensitive genotype to contain an increasing
oxidative cellular damage. Accordingly, NO and NR activity corre-
lated in both root and leaf with the oxidative status in the different
genotypes, in agreement with the oxidative levels and the pheno-
type (Figs. 2, 3). The interplay between NO and H2O2 is well known
in salt stress responses [71], while salt stress is well known to
stimulate H2O2 and NO production in both leaf and root tissues,
indicating that direct salt application is transduced to nitro-
oxidative stress in salt-sensitive species in particular [8]. In the
Fig. 4. Effect of salinity stress on proline biosynthesis was evaluated by measuring p5CS activity (A, B) and proline content (C, D) in leaves and roots of the three Medicago
truncatula genotypes at 0 h, 24 h and 48 h after 200 mM ΝaCl treatment commenced. Values are means of three replicates with SE bars. Different letters denote significant
differences at P < 0.05.
P. Filippou, X. Zarza, C. Antoniou et al. Computational and Structural Biotechnology Journal 19 (2021) 2133–2147current experimental setup where stress was imposed locally in
roots, increases in NO and H2O2 content in leaves and in those of
the salt-hypersensitive TN6.18 genotype in particular, may be
attributed to the notion of the systemic ‘auto-propagation’ of the
ROS/RNS waves throughout the plant [8]. Furthermore, increasing
NO levels are often associated with cellular responses meant to
reduce or contain increased levels of Na+ in plant tissue [72].
Unlike H2O2, NO accumulation in TN6.18 was especially evident
in roots, highlighting the signalling role of this molecule in
response to salinity and in agreement with the increased Na+/K+
ratio in the highly sensitive genotype.
Proline has a dual role in plant stress, acting as both an osmotic
agent and a radical scavenger to protect cells from oxidative dam-
age [63]. Proline’s key biosynthetic enzyme p5CS, is known to be
activated by H2O2 in stress conditions [64] and thus, free proline
levels tent to follow the accumulation of ROS in plant cells [63].
Interestingly, in the photosynthetic tissue, A17 and TN6.18 plants
showed a similar trend in both p5CS activity and proline levels
although ROS levels in the sensitive genotype were substantially
higher than in A17 (Figs. 2, 4). This result, again, supports the idea
of a reduced capacity in TN6.18 to respond to increasing oxidative
levels. A recent study in our group, has also shown a differential
metabolic regulation of polyamines, which are stress-related
antioxidant compounds, in TN6.18 plants. In particular, salt-
treated TN6.18 plants show a remarkable increase in diaminoxi-
dase activity, which has been previously shown to contribute to
the accumulation of proline to extend the plant response to an
increased oxidative environment [73].2140The metabolite profiling analysis provided insights into meta-
bolic responses associated with salt-tolerance mechanisms in M.
truncatula. Our results showed that, although some differences in
several sugar alcohol and carboxylic acid levels were observed
between genotypes before the application of NaCl, those lessened
to a great extent in presence of stress and consistently highlighted
differential responses between genotypes and tissues in such con-
ditions (Fig. 5). HCA showed a trend that the TCA cycle intermedi-
ates and amino acids accumulate in leaves, while sugars tend to
accumulate in roots. A similar response pattern, with increased
accumulation of soluble sugars in roots and active synthesis meta-
bolism in leaves, has been observed in other plant species and is
associated with osmotic adjustments and provision of the energy
required for survival at the expense of slow growth [74]. Among
genotypes, we observed a clear differentiated response after 48 h
in A17 leaves and TN1.11 roots, indicating the activation of differ-
ent metabolic pathways. In the moderately sensitive genotype,
most amino acids showed a significant accumulation in leaves fol-
lowing the salt treatment, which is a common plant response to
abiotic stresses [24]. This was also observed in TN6.18 and
TN1.11 leaves but in a lesser magnitude. Interestingly, in the salt
tolerant TN1.11, an additional metabolic pattern was revealed at
the root level. In this line, a significant accumulation of myo-
inositol, sucrose, and o-methyl-alpha-glucopyranoside was
observed. O-methyl-alpha-glucopyranoside is a compound which
can be artificially generated by the reaction between glucose and
methanol, which was used for the metabolite extraction in this
study [75]. The level of glucose was saturated for quantitative
Fig. 5. (A) Principal component analysis (PCA) of metabolites and samples A17, TN6.18 and TN1.11 exposed to salt stress for 0 h and 48 h. Prediction ellipses indicate 95 %
confidence level. (B) HCA Pearson’s correlation and average linkage with heat map representation. Levels of the different metabolites are indicated as row z-score. N = 4–6.
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methyl-alpha-glucopyranoside levels reflect that of glucose, we
observe a strong trend with the levels of its derivative myo-
inositol (Fig. 5). Numerous studies indicate the involvement of
myo-inositol in abiotic stress resilience in plants [76–78], while a
recent report by Hu et al. [79] showed that over-expression of
the myo-inositol biosynthetic gene MdMIPS1 resulted in increased
tolerance to salt stress in transgenic apple lines. Myo-inositol is a
precursor for the biosynthesis of various compounds including raf-
finose family oligosaccharides, auxin conjugates, phosphatidyli-
nositol, phytic acid, ascorbic acid, and O-methyl inositols [80,81].
As some of these metabolites include anti-oxidative compounds
such as ascorbic acid, the genotypic difference in myo-inositol
levels may be related with that in oxidative damages (Fig. 2). Inter-
estingly, RFOs were found to be significantly increased in response
to salt in TN1.11 roots (Fig. 6). Galactinol and its sucrose derivative
raffinose are well-known stress-related compounds, the accumula-
tion of which has been shown to be correlated with salt- and
osmotic-stress tolerance in several plant species, playing a role in
membrane protection and radical scavenging [82]. Similarly, tre-
halose was also found to accumulate in TN1.11 roots (Fig. 6). The
levels of this sugar follow a similar trend of that of its precursor
sucrose, and it is frequently known to act as an osmolyte, stabilize
proteins and membranes, and mediate sugar signalling in stress
together with trehalose-6-phosphate [83,84], having shown to
confer enhanced tolerance to salinity [85]. Additionally, the levels
of sucrose and trehalose significantly decreased in the salt sensi-
tive TN6.18 leaves (Fig. 5) under salt stress. This event probably
reflects lower photosynthetic activity in the salt-treated plants,
as observed previously (Fig. 2), resulting in the reduced production
of photo-assimilates, including sucrose.
A17 and TN6.18 plants exhibited marked differences in
response to a 48 h exposure to salinity (Fig. 1). TN6.18 and A17
have been previously characterized as highly-salt-sensitive and2141moderately salt-sensitive, respectively [62], although the fine-
tuning of the molecular responses of these two genotypes in salt
tolerance has not been previously reported. The global transcrip-
tional analysis showed 26,910 DEG at the root and leaf level
between the two genotypes in stress conditions. A more detailed
analysis using hierarchical clustering and GO categorization
revealed substantial differences (>100 DEG) in biological functions
related to protein phosphorylation and cell signalling (Fig. 8). Par-
ticularly, TN6.18 leaves showed a strong increased expression of
genes related to kinase activity (cluster 6, Fig. S2), which are
known to be involved in signalling cascades often negatively regu-
lating the cellular responses. In particular, the top 10 mostly
expressed genes included members of the lectine and serine/thre-
onine kinase family (Fig. S2), some of which have been shown in
plants to respond to abiotic stress in general and salt and osmotic
stress in particular [86,87]. Interestingly, a member of the with-
no-lysine kinase (WNK) family was found to be highly expressed
in the highly-salt-sensitive genotype. Recent evidences have
shown that members of this family negatively influence the plant’s
ability to cope with both osmotic stress and ion imbalance in vivo,
by affecting proline content and redox activities [88]. This observa-
tion is consistent with the salt phenotype seen in TN6.18 leaves,
and indicates a potential stress mechanism that will require fur-
ther analysis.
The differential responses at the root level are particularly
interesting since roots are known to perceive the early salinity sig-
nals and trigger a systemic response. In that regard, a cluster
enriched in genes related to nodulation and nodule morphogenesis
was identified to be down-regulated less expressed in the more
sensitive genotype. Although the starting material did not contain
rhizobial inoculum, this result goes in agreement with previous
reports indicating an increased slowdown in TN6.18 nodule-
related activity in response to salt stress, and associated with
diminished root antioxidant responses [38]. More interestingly,
Fig. 6. Schematic representation of the RFO metabolism and associated pathways in A17, TN6.18 and TN1.11 root samples at 0 h and 48 h after 200 mM NaCl treatment.
Biosynthesis of RFO is initiated by the formation of galactinol frommyo-inositol and UDP-galactose. Sequential addition of galactose units, provided by galactinol, to sucrose
leads to the formation of raffinose and higher order RFO. Values shown are relative to A17 at 0 h and are expressed as log2 ratio ± SD (n = 4–6). Significant differences were
determined using a paired t-test and indicated with different letters (P < 0.05).
Fig. 7. Differential gene expression summary. The upset plot shows the intersection between the sets of probes differentially expressed (Q < 0.05, absolute log2 fold
change > 1.5) when comparing A17 versus TN6.18 gene expression in leaf or root tissue.
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Fig. 8. Hierarchical clustering of the microarray data. A) A total of 26,910 differentially expressed genes in the comparison of genotypes A17 and TN6.18, and tissues root and
leaf, were clustered using a hierarchical clustering method. The similarity in expression patterns among probes was measured as Euclidean distance. Eight main clusters were
obtained using k-means clustering. The section of the dendrogram colored in yellow highlights cluster 4. B) A graphical summary depicting the statistical difference (Q < 0.05)
and direction of gene expression change of the four 2-way comparisons between genotypes and tissues; red indicates significant upregulation, blue indicates significant
downregulation. C) The eight main clusters were further inspected for gene ontology enrichment. Bars colored yellow highlights GO terms enriched in cluster 4. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Expression differences between genotypes in genes associated with cellular response to stimulus. The bars indicate the log2 fold change of the genes annotated with
GO:0051716 (cellular response to stimulus) that were contained in cluster 4. Bars show differential expression in leaf (blue bars) and root (yellow bars) samples. Positive
values indicate higher expression in A17 in comparison to TN6.18. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
Fig. 10. Schematic overview of the main results obtained in this study associated to increased salt tolerance and hyper-sensitivity in Medicago truncatula plants. Plant
drawing modified from Gholami et al. [90].
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LRR genes significantly down-regulated less expressed in TN6.18
in comparison with A17 (Fig. 8, Fig. S2, Table S4). TIR-NBS-LRR
are well-known plant sensors involved in biotic stress perception
and signalling [68]. Its involvement in abiotic stress is less known,2144although some recent evidences indicate an overlap between dis-
ease resistance and abiotic stress pathways [89]. In this context,
interestingly, the overexpression of TIR-NBS-LRR receptors in Ara-
bidopsis has been shown to lead to an increase in salt stress toler-
ance [85], with their depleted expression being consistent with the
P. Filippou, X. Zarza, C. Antoniou et al. Computational and Structural Biotechnology Journal 19 (2021) 2133–2147more salt-sensitive phenotype observed in our work and thus indi-
cating a potential role in salt sensing and signalling. The relevance
and the precise mechanism of this interesting player, will require
further studies.
Altogether, analysis of the mechanisms underlying salt sensitiv-
ity in the Medicago cultivars examined identified several key
defence components, potentially linking tolerance with an accu-
mulation of metabolites related to the raffinose pathway, while
hyper-sensitivity was linked, among others, with the suppression
of a large number of genes not previously linked to salinity and
corresponding to the TIR-NBS-LRR gene class. Current main find-
ings, summarized in Fig. 10, show different adaptive strategies
adopted by plants in co-evolution with stress environments, allow-
ing an efficient integration of environmental signals into complex
transcriptional, biochemical, and metabolic responses.
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